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ABSTRACT 
The purpose of this thesis is to explore the nonlinear refractive index of carbon disulfide vapors 
as opposed to its liquid form. With CS₂ vapors, the vapors are less dense so they will rotate 
longer than liquid CS₂ because there are less intermolecular interactions. The electric field of 
the beam causes the molecules to align with the electric field and applies a torque to the 
molecules. After this excitation, the molecules continue rotating. The rotations change the 
index of refraction of the material. Continuous rotation of the molecules causes the index of 
refraction to be periodic which means the molecules are going through multiple revivals. I will 
analyze this periodic nonlinear index of refraction. However, some problems occurred while the 
experiment was being done as well as some issues of measuring CS₂ because of white light 
continuum generation in the cell walls. To avoid these issues we measured the air in the lab and 
were able to observe the periodic change of index of refraction for O₂ and N₂ .  
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Introduction 
 Much research has been done on the nonlinear optical (NLO) properties of Carbon 
Disulfide (CS2) in liquid form. However, little work has been done on gaseous CS2 vapors. 
Therefore, I want to differentiate the third order nonlinear refraction (NLR) of the vapors from 
the liquid by studying the NLO properties, specifically the NLR of CS2 vapors. The molecules 
behave differently when in a liquid form than when in a vapor form, causing the dynamics of 
the NLR to change between forms. CS2 is a symmetric molecule making it simple to examine 
and its interaction with light can also be simulated classically. It has a carbon atom bonded to 
two sulfur atoms by double bonds, making the molecule centrosymmetric and linear. Since the 
molecule is symmetric, as shown in Figure 1a, the electrons are evenly distributed throughout 
the molecule. Therefore, it does not have a permanent dipole moment [1]. Once introduced to 
an electric field, a dipole moment will be induced by the field which ultimately causes the 
molecule to reorient with its long axis, the longitudinal axis, parallel to the applied field [2]. If a 
pump beam reorients the molecules, a probe beam can monitor this reorientation. In liquid 
form, the molecules interact with other molecules rapidly because they are close together and 
this interaction causes the molecules to stop rotating [3]. However, in the vapor phase where 
intermolecular interaction is minimal, the probability of molecules colliding is much lower, thus 
allowing them to rotate for a longer duration of time before the next collision and therefore do 
not stop rotating as quickly as in the liquid form.  
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Figure 1 a) A diagram of the CS2 molecule; b) The CS2 molecule with the corresponding transverse and longitudinal 
polarizability [1]. 
Significance 
 My purpose for performing this experiment is to determine the different behaviors that 
CS₂ in vapor phase show when introduced to optical electric fields compared to their liquid 
counterparts. There have been few measurements of optical nonlinearities of vapors. Using a 
newly developed Optical Beam Deflection technique [1] , explained in a subsequent section, I 
should be able to measure the NLR of CS₂  vapors. The beam deflection technique offers  
unique advantages as it offers time dynamic NLR, the polarization of the two beams used can 
be changed with respect to one another, and the beams can be non-degenerate. Ultimately, 
however, finding the nonlinearities of dilute materials, such as CS2 vapors, could possibly lead to 
the exploration of atmospheric gas nonlinearities. “The nonlinear responses of atmospheric 
gases are of interest because they can lead to applications such as remote sensing, spectral 
broadening and shaping of ultrashort laser pulses, terahertz generation, and guiding of 
electrical discharges” [9].  
Hypothesis 
In equilibrium, the molecules will be randomly oriented until an electric field is applied. 
As stated above, the liquid molecules collide with each other. Since vapor is not as dense, the 
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molecules are more spread out allowing them to reorient freely. This will cause them to 
continue to rotate until they collide with each other or collide with the walls of the cell, which 
will occur less frequently than in the liquid form. As the molecule rotates, it aligns parallel with 
the electric field and also aligns perpendicular to the electric field and will continue in this cycle 
as shown in Figure 2. The NLR depends on the electric field interacting with the electrons in the 
molecule. The NLR will increase as the molecules align parallel to the electric field and decrease 
as it becomes perpendicular to the field. Due to this, the change in NLR should be periodic [4]. 
In addition to measuring the NLR, I can also extract the time it takes for the molecules to decay 
and randomly realign, once they have interacted with other molecules to keep them from 
rotating. This is known as the decoherence time [4].  
 
Figure 2: Diagram of the excitation pump acting on a “randomly” oriented molecule, which is shown as 45° for 
simplicity, and the progression of the rotation of the molecule rotating where the top Sulfur atom is moving 
counterclockwise in space and time. The rotation of the molecules is dependent of the irradiance of the beam, 
therefore the axis shows irradiance against time.  
Definitions of terms 
 The index of refraction is defined as           where the real part,  , is the linear 
index of refraction : 
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 where    is the wavelength in vacuum and    is the relative permittivity of the material. Once 
third order susceptibility are involved there are different indexes of refraction which are no 
longer linear. The nonlinear index of refraction is represented by     
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Once the nonlinear refractive index is known for the material you can also analyze it based on 
the polarization of the beam. For a co-polarized case, the nonlinear index of refraction by        
 
    (     )  
 
    
  
 
(     )
 
     
 ( )
 
. 
( 4 ) 
 
and for the cross polarized case you represent it by     
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where   is the probe frequency,   is the pump frequency,   is the permittivity of vacuum, c 
is the speed of light, N is the number density of molecules,   is Boltzmann constant, and    is 
the longitudinal polarizability and   is the transverse polarizability.  
Polarizability relates an induced dipole moment to the applied electric field [5]. As the 
electric field is applied, it interacts with the molecules’ electrons and the electrons move in the 
opposite direction as compared to the electric field. This creates a dipole moment.  
  Polarizability is shown by the equation 
 
 ( )      
  ( )   ( 6 ) 
 
 the permittivity of free space.     is the first order, linear, electric susceptibility that describes 
the ease of polarization of a charge in a specific medium when a field E is applied.   ( ) is the 
applied electric field and  ( ) is the induced charge polarization. In the classical analogy, the 
electrons move along their imaginary spring away from the nucleus. The further away they get 
from the nucleus the larger the polarization, which can become nonlinear the further away 
from equilibrium.  
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Methodology 
 The beam deflection technique, depicted in Figure 3 and outlined in Refs. [1], was 
preferred in this experiment for many reasons. Beam deflection uses a pump beam, also called 
the excitation beam, and a probe beam, which is significantly weaker than the excitation beam. 
Having two beams allows for measurement of non-degenerate NLR which means that one 
beam will have a different energy, therefore different frequency, than the second beam. Time 
dynamics can also be measured using the beam deflection technique, which helps determine 
decoherence time and the rotational constant.  
In beam deflection, the induced polarization from the pump beam creates a dipole in 
the molecule which is reoriented by the electric field. Measuring CS2 vapors there will be a 
negligible amount of absorption measured, so NLR will strictly be measured. The pump meets 
the sample at a small angle to the probe. Meeting at a small angle allows separation of the 
pump beam from the probe beam incident on the detector. An aperture placed before the 
detector allows for the pump beam to be blocked but allows the probe beam to be detected.  
The change in NLR can only be observed when the pump and probe are spatially and temporally 
overlapped within the sample.  
 
Figure 3:Diagram of the Excitation and Probe beam set up, where a) is the probe beam, b) delay line, c) excitation 
beam, d) sample and where the pump and probe overlap, e) deflected probe beam to show the nonlinearity, f) 
quad cell detector, and θ is the deflection angle [1]. 
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 The probe beam must be much less intense than the pump beam for this experiment. After a 
single beam comes out of the laser at 800nm a beam splitter was used to get two separate 
beams. The weaker beam from the two was used as the probe. The probe beam was then 
directed into a lens followed by a water cell to generate white light. This created the visible 
spectrum from a single beam which allowed us to filter out 650nm as the probe’s wavelength. 
The stronger beam was then aligned through mirrors and apertures to reach the sample.  
  Ultimately, when the pump beam and the probe beam hit at the stage which held the 
sample, they were overlapped temporally and spatially. Once overlapped temporally, zero 
delay can be found. Zero delay was found using (SiNc). SiNc (silicon 2, 3-naphthalocyanine) is an 
organic dye with a long lifetime. After the pump excites the electrons in the sample of SiNc, 
they stay excited long enough for the probe’s transmission to be effected by the excited 
electrons which is then detected.  
 
Figure 4: molecular structure of SiNc (Sigma- Aldrich)[8] 
The probe beam met at the material and saw a ‘prism-like’ effect and is then deflected [1]. 
There was temporal overlap so that they arrive at the sample at the same time using spatial 
translation stages for example 1 mm delay is ~3.3 ps of temporal delay since light travels at 
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3x108m/s.  Lock-in amplifiers are also used to filter out the noise so the probe signal, which is 
small, can be detected [1]. The Lock-in read the frequency that the chopper was set to. The 
chopper rotated at a certain frequency, in this case 285 Hz, so that any scattering from any 
other source at different frequencies could not be detected. The pump is the beam that was 
chopped because the pump is what caused the probe to be deflected and any other light was 
filtered out by the lock-in. We modulated the pump beam to see how it affects the probe. The 
pump beam then changes the index of refraction and creates and index gradient in the material 
which is detected by the deflection of the probe beam. A Silicon Quad cell detector was used to 
detect the deflection of the probe. It contains a quad cell diode made of 4 parts, once the probe 
beam hits the diode it generates an electric current and is then amplified by a differential 
amplifier to see the signal. There are three outputs of this detector which are total, left minus 
right, and top minus bottom, and those differences detect the deflection. The detector is 
connected to the Lock-in amplifier which reduces noise from the detector at the frequency the 
chopper was set at.  
 Preliminary calculations were made to determine what n₂ signal the vapors would be 
able to be seen. With a Density of 1.261 g/cm³ and using Molar Mass of 76.139 g/mol also using 
the Liquid n₂ =        
  
 
 and Liquid N =          
         
  
, I was able to calculate the 
approximate n₂ for the vapors to show how much smaller the vapor signal would be than the 
liquid signal. Using the general ratio  
  
 
         , the calculated  constant is      
     
  
           
. I then found the                       
    compared to            
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       it is about a factor of 1000 times less of a signal with all the same parameters in both 
situations.  
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Data 
CS2 
The fused silica cell posed a problem during this experiment because the cell signal 
overpowered the CS₂ signal. With the following parameters we were not able to see CS₂ vapor 
signals. 
 
Figure 5: Where λ is the wavelength of the probe and the excitation beam respectively, E is the energy of the 
beam, w is the spot size of the excitation beam and the probe respectively and τ is the pulse width of the cross 
correlation of the beam.   
Although with these specific parameters the results were expected, there were other problems 
as well. CS₂ is easily combustible, so with high enough energy, the CS₂ may have combusted 
inside the cell causing the cell to break and the toxic CS₂ to leak. This was not tested for the 
sake of the lab safety. Some other problems that came up during this experiment was that the 
air ionizes at 200μJ, this would also have overshadowed the vapor signal within the air 
ionization signal. Another possible interference with the vapor signal was white light continuum 
generated by the cell walls. Using the theory in the paper by Heritage, we were able to see their 
theoretical calculations for CS₂. They also successfully measured the revivals of CS₂ vapors in a 
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meter cell to avoid the cell wall interference of the vapor signal. They also used different beam 
parameters [10]. 
 
 
Figure 6:This is the Heritage paper’s theoretical calculation of the time dependent change of nonlinear index of 
refraction [10].  
 
Air 
To avoid these potential and probable issues caused by the cell walls and CS₂, the CS₂ sample 
was removed and the revivals of air molecules was tested. 
 
Figure 7: part d) is the sample. This sample was removed completely from the set up and the excitation beam and 
probe beam were allowed to interact in the open air in the lab. 
 The beam was allowed to propagate through the air to the detector and revivals were able to 
be seen. 
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Figure 8: N₂ and O₂ revivals in air. The Measured and reference parameters: T = 296K, ∆αN2=0.93e-30m^3, 
∆αO2=1.14e-30 m^3, L = 20mm, we=150um, wp=87um, E = 332uJ and the fitting parameters are: BN2=202/m, 
BO2=146/m, Dephasing_N2 = 1/80ps, Dephasing_O2 = 1/100ps, Tau_pump = 100fs, Tau_probe = 350fs (<500fs). 
The symbols correspond to the previous figure but now include T which is temperature, Δα which is polarizability 
and B is the rotational constant.  
The red line is the fit of the air revivals based on the Heritage paper [10]. Since this technique is 
sensitive, we were able to see the revivals for up to 50 ps. Without this time sensitivity we 
would not be able to see the amount continuous revivals that we have.  
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Conclusion 
The beam deflection technique allows for a temporal and spatial overlap in a sample that can 
cause an index gradient in the material which is caused by the pump and detected by the 
probe. The probe deflects at a small angle due to this detection of the gradient and that angle 
can determine the change in nonlinear refractive index. Since CS₂ is a linear molecule and since 
vapors are less dense than liquid, the CS₂ molecules would have less intermolecular interactions 
than in the liquid and therefore rotate. However some issues came across with the fused silica 
cell walls that would drown out the signal of the vapor reorientations, so the air in the lab was 
tested. This proved that the N₂ and O₂ in the air did indeed show rotational change of nonlinear 
refractive index. 
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